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Abstract 
Heterojunction silicon wafer solar cells using an intrinsic amorphous silicon (a-Si:H) thin-film passivation layer 
between the crystalline c-Si substrate and the thin-film emitter layer have proven to be a viable device structure for 
high efficiency. While microcrystalline μc-Si:H is a good candidate for the emitter layer due to its high doping 
efficiency, intrinsic a-Si:H  with its low interfacial defect density, high optical bandgap and good passivation ability 
makes it the ideal buffer layer to passivate the crystalline silicon interface. In this study, we report the film properties 
of intrinsic a-Si:H passivation layers deposited using RF (13.56 MHz) PECVD, at different SiH4/H2 gas flow ratios, 
pressures and temperatures. Trends relating deposition conditions to relevant film characteristics, such as thickness, 
hydrogen bonding, optical bandgap, and effective carrier lifetime of the samples are discussed. Finally, symmetrical 
p+/i/c-Si wafer/i/p+ heterojunction lifetime test structures, using 20 nm thick p-doped μc-Si:H emitter layers and 10 
nm thick intrinsic a-Si:H layers, were made using the optimised parameters for intrinsic a-Si:H layers (discussed in 
this paper) and for p-doped μc-Si:H layers (discussed in a companion paper [1]). These yield an effective lifetime of 
2.4 ms at an injection level of 1015 cm-3, and an implied Voc of 730 mV. 
 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Solar Energy 
Research Institute of Singapore (SERIS) – National University of Singapore (NUS). 
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1. Introduction 
Heterojunction silicon wafer solar cells have already achieved an efficiency of 23% on a practically 
relevant size (100 cm2) and an open-circuit voltage (Voc) of 743 mV [2]. Moreover, the fabrication 
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process of heterojunction silicon solar cells can be done at below 250ºC and thus can be applied to wafers 
as thin as 100 µm without introducing significant wafer bowing [3]. In order to maximise surface 
passivation, the heterojunction solar cell typically incorporates a thin intrinsic hydrogenated amorphous 
silicon (i a-Si:H) layer on each side of the wafer, before the doped amorphous silicon emitter and back 
surface field (BSF) layers are deposited [4].  
 
State-of-the-art i layers are deposited using radio frequency (RF) or very high frequency (VHF) 
plasma-enhanced chemical vapour deposition (PECVD), in which the deposition conditions crucially 
influence the resulting passivation quality. In addition, the thickness of the i layers must be carefully 
chosen to ensure uniform passivation and low electrical resistance, and the optical bandgap must be finely 
tuned to reduce optical absorption losses. 
 
In this paper, we report on the passivation quality, hydrogen bonding composition and optical 
properties of i a-Si:H layers deposited using PECVD at 13.56 MHz, at various deposition pressures, 
hydrogen dilution ratios of precursors and temperatures. 
2. Experimental details 
Intrinsic a-Si:H layers are deposited on both sides of double-side polished 4” n-type 1-5 Ωcm Fz 
wafers (100) using a conventional capacitively-coupled parallel-plate (CCP) RF PECVD reactor with a 
power density of up to 33 mWcm-2. Prior to deposition, the wafers are cleaned using standard RCA 
solutions for 10 minutes, followed by a 5% HF dip for 1 minute to remove oxides, rinsed in DI water, and 
dried in N2 atmosphere. The transfer time from the dryer to the deposition chamber is kept to a minimum 
and is typically under 5 minutes. Inside the chamber the wafers are allowed to warm up for 10 minutes 
before the deposition begins. All depositions last 900s (which results in film thickness ranging from 140 
nm to 185 nm) and use silane (SiH4) as the precursor gas with a flow rate of 40 sccm. The following 
parameters are varied as shown in Table 1: (a) deposition pressure in the range of 250-400 mTorr; (b) H2 
dilution ratio, defined as the ratio between H2 and silane gas flow, H2/SiH4, in the range of 50-150%; (c) 
substrate temperature in the range of 150-250ºC. All samples undergo a 15-minutes anneal in a H2 
environment at 180ºC after deposition. 
 
The effective lifetime is measured using a Sinton Consulting WTC-120 quasi-steady-state photo-
conductance (QSSPC) lifetime tester in the transient mode [5]. The effective lifetime is extracted at an 
excess carrier density of 1015 cm-3. A spectroscopic ellipsometer (SOPRA, GES) is used to determine the 
deposited film thickness, which is checked against profilometry scans of films deposited on Corning 7059 
glass slides using a DEKTAK150 profilometer. The optical bandgap is estimated using the Tauc method 
[6] based on transmittance and reflectance data collected from a PerkinElmer950 UV/VIS spectrometer 
[7]. A Renishaw Invia Raman microscope (with a 514 nm laser) is used to study the crystallinity of the 
film, by comparing the Raman peaks at 480 cm-1 (amorphous Si-Si transverse optical (TO) phonon mode) 
and 520 cm-1 (crystalline Si-Si TO phonon mode) [8]. Finally, a PerkinElmer spectrum400 FT-IR/FT-NIR 
spectrometer is used to determine the hydrogen concentration and bonding composition. The hydrogen 
concentration is obtained from fitting of the peak at 640 cm-1, while the Si-H and Si-H2 concentrations are 
estimated from the peaks at 2000 and 2100 cm-1, respectively [9, 10]. 
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3. Results and discussion 
3.1. Effect of deposition pressure 
Table 1. Deposition conditions for varied parameter. The box in each column indicates the variation of the corres-
ponding parameter. 
 
 
Fig. 1. (a) Corresponding effective lifetime and bandgap data of intrinsic layer versus deposition pressure, for a fixed 
deposition time of 900s; (b) Effective lifetime data of intrinsic layer versus deposition pressure, with layer thickness 
of 10 nm in all cases. 
The variation of the effective lifetime with deposition pressure is shown in Fig. 1(a). A monotonic 
increase in lifetime with pressure can be observed. Even though the deposition rate reduces when the 
deposition pressure is increased from 350 to 400 mTorr, the passivation quality of the deposited film 
actually increases. It is known (see for example Pysch et al. [3]) that there is a certain threshold thickness 
of a-Si:H thin film passivation at ~50 nm, beyond which the effective lifetime saturates, whereas a 
decrease in lifetime is observed for thinner passivation layers. This means that for the thick samples used 
(i.e. > 50 nm thick), the increase in passivation quality can be attributed to the deposition conditions 
alone. This conclusion is further verified by the results (see Fig. 1(b)) obtained from amorphous thin films 
with device relevant thickness (10 nm) deposited under the same conditions. There is a drop in lifetime 
for all samples, probably due to the non-uniformity as well as the poorer a-Si:H network formed in 
thinner samples [11]. However, the general trend of increasing lifetime with respect to the increase in 
deposition pressure is still observed. The possible deterioration in the amorphous network in thinner 
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Sample Pressure (mTorr) H2 Flow (sccm) Dilution Ratio H2/SiH4 (%) Temperature (˚C) 
1 250 40 100 250 
2 300 40 100 250 
3 350 40 100 250 
4 400 40 100 250 
5 400 20 50 250 
6 400 30 75 250 
7 400 50 125 250 
8 400 60 150 250  
9 400 40 100 200 
10 400 40 100 150 
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samples does not distort the effect brought by varying deposition conditions. This observation justifies 
our attempt to optimise passivation quality, which is reflected in effective lifetime, by using thicker films 
to eliminate the defect or non-uniformities in thinner films in this work. In fact, this technique to optimise 
passivation quality using thick films is being widely applied by other research groups [12, 13]. 
 
The bandgap of the deposited a-Si:H with respect to the deposition pressure, extracted using a Tauc 
plot [6] based on transmittance and reflectance data, is also illustrated in Fig. 1(a). As with the effective 
lifetime, the bandgap also increases monotonically with increasing deposition pressure, however, this 
effect is quite small. It seems that due to the increase in pressure, more hydrogen can be incorporated into 
the a-Si:H network, providing better passivation for the film [14, 15]. According to the observation by 
Cody et al. [7], the bandgap of amorphous silicon is directly proportional to the H2 concentration in the 
amorphous network. Using the empirical formula relating hydrogen concentration and bandgap suggested 
in that work, we can infer that at 250 mTorr, the hydrogen concentration is around 18 at. %, while at 400 
mTorr it is about 21 at. %. Therefore, more hydrogen atoms are available to repair the dangling bonds, 
saturating recombination centres and increasing the effective lifetime. 
 
The H2 concentration and its bonding configuration in the samples are also deduced from FTIR 
spectroscopy, with the results shown in Fig. 2. A fitting of the transmission peaks at 2100 cm-1 (the broad 
peak observed in Fig. 2 is actually due to the combined effect of peaks at 2000 and 2100 cm-1) reveals a 
Si-H2 bonding concentration of 3.8% for 400 mTorr and 3.3% for 250 mTorr. The H2 concentration 
calculated based on 640 cm-1 peak (wagging mode of Si-Hx) [9, 10] in the FTIR spectrum is 26 at. % for 
400 mTorr and 21 at. % for 250 mTorr, which are somewhat higher than the values inferred from the 
bandgap. This increase in H2 concentration can be attributed either to the inaccuracy in modelling 
amorphous network in this work by using the empirical formula, or to uncertainty in fitting FTIR results. 
Nevertheless, the H2 content estimated using both methods has demonstrated an increasing trend with 
respect to the deposition pressure, justifying the conclusion that higher H2 content could be reached by 
using higher deposition pressure. The results from FTIR analysis yield a Si-H2 bonding fraction (over the 
total H2 content) of around 29.2% at 400 mTorr and 31.4% at 250 mTorr, which are virtually the same. 
Therefore, the increase of lifetime from 250 to 400 mTorr is mainly due to an increase in the amount of 
H2 incorporated into the film, but not due to the change in bonding composition. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. FTIR transmission spectra and calculated H2 and Si-H2 bonding concentration of samples deposited at 250 and 
400 mTorr. 
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3.2. Effect of H2 dilution ratio 
The effective lifetime dependence on the hydrogen dilution ratio is shown in Fig. 3(a). As the dilution 
ratio increases from 50 to 100%, the effective lifetime of the sample increases significantly from 1.2 to 
3.66 ms. However, with further increase in dilution ratio to 125% and 150%, the lifetime drops to 1.29 ms 
and 1.95 ms, respectively. In order to investigate the reason for the change of the effective lifetime with 
respect to H2 dilution ratio, FTIR and Raman analyses are carried out. The results are shown in Fig. 3(b) 
and Fig. 3(c). By comparing Fig. 3(a) to 3(b), one sees that the H2 content varies with dilution ratio in a 
similar way as the lifetime, in that the H2 content first increases as the dilution ratio rises from 50% to 
100%, and then plummets to significantly lower values beyond 100%. Therefore it can be concluded that 
the increase in lifetime is mainly due to the higher H2 incorporation into the amorphous network.  
 
A moderate increase of the dilution ratio results in an improved passivation quality, as shown in Fig. 
3(a). However, a further increase in the dilution ratio (beyond 100% in Fig. 3(a)) will lead to the opposite 
effect. This observation has already been reported by other researchers [16-20]. Hao et al. [17] and Hsiao 
et al. [19] reported that an increase in H2 dilution ratio can lead to an amorphous-crystalline transition of 
the film and produce thin films with poor passivation quality. Dao et al. [20] confirmed that the transition 
zone is around a dilution ratio of 100% (or a H2/SiH4 ratio of 1 in that work), which agrees with the 
findings of this work. The effect of H2 dilution on the onset of the amorphous-crystalline transition is 
shown in Fig. 3(b) and 3(c). In Fig. 3(b), which shows the H2 content variation in the film, a spike in H2 
concentration can be observed when the dilution ratio is increased beyond 100%, indicating a transition 
from amorphous to micro-crystalline network. At this point, the deposited film is still in amorphous 
region, but with the highest H2 content and the lowest microstructure parameter [18]. Figure 3(c) shows 
the calculated crystallinity percentage from Raman measurement by fitting the curve using Gaussian 
curves cantered at 480, 510 and 520 cm-1 [8]. At the onset of the transition, Raman crystallinity shows a 
sudden rise, confirming the change from an amorphous to a more crystalline state. Therefore, it can be 
concluded that the amorphous film deposited at the transition of amorphous to crystalline state could 
provide the best passivation quality due to the optimised film properties. The obtained results also 
perfectly agree with the work done by Kroll et al. [18].  
3.3. Effect of temperature 
As shown in Fig. 4, the lifetime drops from 3.66 ms to only about 95 µs when the substrate 
temperature decreases from 250ºC to 150ºC. In contrast, the H2 content estimated from the relationship 
provided by Cody et al. [7] increases in spite of the reducing lifetime. In this case, the inverse trend of 
lifetime to hydrogen content can be explained by the relative composition of Si-H and Si-H2 bonding 
present in the amorphous network. According to Koch et al. [21], the reduction of substrate temperature 
has an effect of increasing H2 content in a-Si:H film, but this increase manifests in a steeper rise in the Si-
H2 bonding concentration relative to Si-H, resulting in a loosened a-Si:H network and hampering film 
quality.  
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Fig. 3. (a) Effective lifetime of a-Si:H deposited at different hydrogen dilutions; (b) Hydrogen concentration at 
different dilution ratios; (c) Corresponding Raman crystallinity. The lines are guides to the eye. The grey zone 
indicates the possible transition zone. 
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Fig. 4. Lifetime and corresponding hydrogen concentration as a function of deposition temperature. 
 
 
 
 
 
 
 
 
 
Fig. 5. FTIR transmission spectra and calculated hydrogen and Si-H2 bonding concentration for depositions at 150ºC 
and 250ºC. 
Figure 5 compares the FTIR transmission spectra of the 150ºC and 250ºC samples. When the 
deposition temperature is reduced from 250ºC to 150ºC, one can see a slight shift of the peak near 2000 
cm-1 towards a higher wavenumber (2010 cm-1). Furthermore, the peak is broadened for lower deposition 
temperature. These observations indicate that for lower deposition temperature, Si-H2 bonding concen-
tration, as well as its share in total H2 content, increases.  
 
The total H2 concentration for 150ºC is estimated to be about 29 at. %, which is slightly higher 
compared to the 250ºC case (26 at. %). However, the estimation of the Si-H2 bonding concentration at the 
peak of 2100 cm-1 yields 6.1%, or 43% of the total hydrogen content, compared to a mere 29.2% for the 
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case of 250ºC. The result perfectly agrees with the prediction by Koch et al. [21] and confirms that the 
drop in lifetime is indeed due to the increase of Si-H2 bonding concentration over the total H2 content. 
 
Based on the trends observed thus far, one can conclude that the passivation quality of the a-Si:H film 
depends on the concentration of Si-H bonds and its relative abundance to the Si-H2 bond concentration. 
The result presented in Fig. 4 confirms this idea and is further supported by the result obtained by Joen et 
al. [22]. 
3.4. Fabrication of bifacial emitter samples 
It is well known that the doped microcrystalline emitter contains a large number of defects and its 
passivation properties would not be sufficient to be used as a buffer layer [4, 23-26]. A thin layer of 
intrinsic amorphous Si has to be inserted to passivate both wafer and emitter surfaces [4]. The intrinsic 
layer should be thin enough to allow charge carriers to tunnel to the emitter. At the same time, it should 
contain amorphous network with low defect density so as to provide the best possible passivation [11]. In 
order to assess the passivation quality of a-Si:H thin film in a real heterojunction solar cell, we fabricated 
a symmetrical, bifacial test structure using an intrinsic a-Si:H buffer layer and a p-doped μc-Si:H emitter 
layer with device relevant film thicknesses, i.e. p+/i/n-type Si wafer/i/p+, with an a-Si:H layer thickness of 
10 nm and a μc-Si:H layer thickness of 20 nm. Figure 6 illustrates the structure and thicknesses of this 
stack. Table 2 summarises the deposition conditions for the corresponding p+ and i layers. For details 
regarding the p+ layer optimisation, see Ref. [1]. Figure 7(a) presents the injection level dependent 
effective lifetime measurement, showing a promising effective lifetime of about 2.4 ms at an injection 
level of 1015 cm-3. As a comparison, lifetime data of a simpler i/n-type Si wafer/i structure with the same i 
layer thickness is also illustrated in Fig. 7(b). The implied Voc of the emitter sample illustrated in Fig. 8 
has shown a decent value of 730 mV at 1 sun illumination. 
 
 
 
 
 
 
 
 
Fig. 6. Bifacial heterojunction emitter sample structure and thicknesses. 
Table 2. Deposition conditions for i and p+ layers. 
Parameter i layer p+ layer 
Deposition pressure (mTorr) 400 1900 
H2 flow (sccm) 40 194 
SiH4 flow (sccm) 40 6 
B2H6 (0.5% in H2) flow (sccm) - 2 
RF frequency (MHz) 13.56 13.56 
RF power density (mWcm-2) 33 70 
Substrate temperature (ºC) 250 180 
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While the bifacial emitter sample yields decent i layer passivation, its effective lifetime is not quite as 
good as the 3.66 ms achieved on the best double-side i layer passivated wafer in this study. The difference 
in effective lifetimes can be attributed to the following: (i) the reduction of the i layer thickness has 
degraded the layer’s passivation capacity [3], which leads to an increased interface defect state density 
and a corresponding higher recombination velocity This effect has been verified through the i/n-type Si 
wafer/i stack, which shows a drastic drop in lifetime from 3.66 ms to 910 μs;  (ii) the deposition chamber 
might not be able to deliver a stabilised plasma in an extremely short time period, which is required for 
very thin layer deposition, thus degrading layer uniformity and surface property; (iii) the incorporation of 
a µc-Si layer with p-type dopant, which has high lattice and surface defect density and low H2 content, 
may cause a degradation of H2 concentration in the amorphous layer and worsen the interface property. 
Nevertheless, an increase of lifetime in the emitter sample compared to a simpler intrinsic layer 
passivated structure is observed. The improvement of lifetime after i layer deposition could be due to high 
H2 flow in emitter deposition, which has improved the passivation quality of the i layer and emitter layer 
concurrently. As a result, an emitter stack with a promising lifetime of 2.4 ms is obtained, as compared to 
a 30 μs in an early report [27]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. (a). Effective lifetime of the bifacial emitter sample; (b) Effective lifetime of the i/n-type Si wafer/i structure. 
The lines are guides to the eye. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Implied Voc of the emitter sample. The implied Voc at 1-sun illumination is 730 mV. The lines are guides to 
the eye. 
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4. Conclusion 
The work described in this paper aimed at optimising the passivation quality of intrinsic a-Si:H buffer 
layers at SERIS, for application in heterojunction silicon wafer solar cells. By varying the deposition 
pressure, H2 dilution ratio as well as the substrate temperature, key performance indicators, like effective 
lifetime, were compared and analysed. Based on the results obtained, several conclusions can be reached: 
 The effective lifetime for a-Si:H thin film is a function of the total H2 content present in the amorphous 
network. In particular, the best passivation quality results from films with a high Si-H bond concen-
tration and a low Si-H2 concentration. The optimal film can be obtained by tuning the deposition 
pressure and the H2 dilution ratio. 
 Lowering the deposition temperature tends to raise the Si-H2 bond concentration, thus lowering the 
film passivation quality in spite of an increase in overall H2 content. In fact, the optimal deposition 
temperature found is about 250ºC, both in this work as well as in Ref. [22]. At the same time, high 
hydrogen gas flows during decomposition can induce an amorphous-crystalline transition, which will 
result in a degradation of the film quality. Noticeably, the best possible passivation quality can be 
obtained at the onset of the amorphous-crystalline transition, while the deposition remains in the 
amorphous region. 
 The bifacial emitter/buffer layer sample created has obtained a reasonable effective lifetime of 2.4 ms 
using device relevant layer thicknesses of 20 nm and 10 nm, respectively. 
 It was found that Raman and FTIR spectroscopy are very suitable tools to analyse the film properties. 
The observation of the change in crystalline and H2 bonding structures provides valuable information 
on the film quality.  
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